Abstract The current wear-testing standard (ISO18192-1) for total disc replacement (TDR) requires only four degrees of freedom (DOF) inputs: axial load, flexionextension, lateral bending and axial rotation. The study aim was to assess the effect of an additional DOF, anterior-posterior (AP) shear on the wear of the ProDisc-L TDR. A 5DOF simulator was used to test ProDisc-L implants under 4DOF and 5DOF conditions. The 4DOF conditions were defined by ISO18192-1 whilst the 5DOF used ISO18192-1 conditions with the addition of an AP load of ?175 and -140 N (anterior and posterior, respectively), extrapolated from in vivo data. The implants were mounted such that the polyethylene insert could be removed for gravimetric measurements. Tests were run using bovine serum (15 g/l protein concentration) as a lubricant for five million cycles (MC), with measurements repeated every 1 MC. The mean wear rate in the 4DOF test was 12.7 ± 2.1 mg/MC compared to 11.6 ± 1.2 mg/MC in the 5DOF test. There were marked differences in the wear scars between 4DOF and 5DOF simulations. With 4DOF, wear scars were centralised on the dome of the insert, whilst 5DOF scars were larger, breaching the anterior rim of the dome causing deformation at the edge. The 4DOF wear test showed similar gravimetric wear rates to previously published ISO-tested TDRs. The addition of AP load was found to have no significant effect on the overall wear rate. However, there were pronounced differences in the respective wear scars, which highlights the need for more research in order to understand the factors that influence wear of TDR.
Introduction
The most widely implanted lumbar total disc replacements (TDR) to date have been those based upon a metal-polyethylene design. In the short term, these devices have been as successful in terms of pain relief and patient satisfaction as spinal fusion [1] [2] [3] [4] . Revision rates of lumbar TDR, at 6-11.2% [5, 6] , are also comparable to fusion, at 5.8-22% [6, 7] within 2 years. However, there are concerns that these articulating designs may be subject to long-term failure due to wear, which has been widely documented in total hip and knee arthroplasty [8] . There is a growing body of evidence that polyethylene wear debris has osteolytic potential in the spine, and specific cases of TDR-related osteolysis have now begun to emerge [9] [10] [11] . As TDR implantation times reach 10-15 years, the time at which osteolysis is typically documented in hip and knee replacements, the number of such cases is likely to increase.
Physical wear simulations of metal-on-polyethylene TDR have had input conditions restricted to those specified by the ISO standard [12] or the ASTM standard guide [13] . The results of these tests have been similar to those observed in other metal-polyethylene articulating devices, with wear rates being within the 2-20 mm 3 /MC range [14] [15] [16] [17] . Although comparisons to other implants are useful, further research needs to be undertaken in order to understand the wear processes within TDR, the tribological conditions that will be specific to TDR and the effect of wear debris upon local spinal tissues, particularly with reference to macrophage activation and osteolysis.
Current TDR wear simulators test a maximum of 4DOF; axial loading, flexion/extension rotation, lateral bending rotation and axial rotation, as defined by White and Panjabi [18] . Two other DOF exist in principle: anterior-posterior (AP) and lateral shears, neither of which has been actively applied to TDR wear simulations to date. The magnitude of these shear loads has been measured to be in the range of 100-200 N during walking [19] , but as high as 400 N in most lumbar joints, reaching 1,000 N in L5-S1 [20] . There is debate about the effect of AP shear in particular, and the effect that this loading component may have on the TDR itself and on the facet joints [21] .
The aim of this study was to compare the wear of metalon-polyethylene TDR in ISO standard 4DOF wear tests versus otherwise similar tests with 5DOF input, using a new 5DOF simulator developed by University of Leeds and Simulation Solutions (Manchester, UK) [22] . The ISO standard test was run using a fixed-bearing ProDisc lumbar TDR and the results were compared to previously published data. The same simulator was then used to run the 5DOF test with the same device, incorporating an AP shear load to investigate the affect of this additional DOF testing on the wear rate and wear mechanisms.
Methods
The ProDisc-L consists of a two cobalt-chromium molybdenum endplates, with a polyethylene core (GUR1020, inert gamma sterilised at 2.5-4 MRads) that locks onto the inferior endplate. The bearing is therefore classified as a fixed-bearing, constrained TDR, as it allows little to no translation, only rotations.
Seven ProDisc-L implants were fixed into test cells using PMMA bone cement, such that the centre of rotation of the implant would be coincident with that of the simulator and the polyethylene insert could be removed for measurement. The polyethylene inserts were soaked in distilled water for 2 weeks in order to stabilise fluid absorption, and then stored in a sealed, dust free container, in a temperature (22°C) and humidity (45%) controlled environment for 48 h to stabilise their mass. Their pre-test masses were determined gravimetrically on a digital balance with a resolution of 0.01 mg (Mettler-Toledo Inc, Columbus, Ohio).
After measurement, the polyethylene inlays were inserted into the inferior endplate and the test cells assembled by locating the polyethylene dome onto the superior endplate. The test cells were enclosed in a silicon bag, which were secured to the test cells with jubilee clips (hose clamps). The test cells were then located in the required test station and secured with two screws on both the inferior and superior test cell. Once all cells had been assembled and inserted into the test station, pipes were connected to the fluid port for each cell and the silicon bag filled with a lubricating solution of bovine serum (15 g/l protein concentration) with 0.03% (wt/vol) sodium azide to minimise microbial contamination. ISO18192-1 determines a protein concentration of 30 g/l, but concentrations of 5-25 g/l have been shown to produce clinically relevant wear rates in TJR [23] .
Each test was run for five million cycles (5 MC), shorter than that 10 MC specified by the ISO standard. Historically, wear tests of joint replacements have shown that wear rates reach steady state after the first few million cycles, as has been suggested to be the case with TDR [14] . The lubricating fluid was removed every 1/3 MC and stored at -20°C for future wear debris analysis. The test cells were then washed through with soapy water, soaked in disinfectant solution and rinsed with tap water and then de-ionised water before refilling with fresh lubricant. At every 1 MC time point, the test cells were thoroughly cleaned, including an overnight soak in disinfectant solution. The polyethylene inserts were removed from the inferior endplate, washed, ultrasonically cleaned and soaked in iso-propanol before being stored for 48 h prior to weighing. The net mass loss was then calculated according to ISO14242-2, adjusting for fluid absorption using the mass increase of the control specimen. The mass measurements were repeated six times, and the mean mass loss calculated.
Wear scars were traced with a marker pen and the disc was digitally photographed with a scale. These images were then analysed in ImageProPlus (MediaCybernetics Inc., Bethesda, MD) to measure the wear scar area by the same observer each time; intra-observer error was up to 16% when both tracing and analysis were repeated. Two separate areas of damage were identified visually, a total worn area, in which machining marks were no longer evident, and a secondary wear areas where significant damage was observed. These areas corresponded to surface profilometry mean surface roughness measurements (n = 3) of 0.12 and 1.87 lm, respectively (Form Talysurf, Taylor-Hobson, Leicester, UK). The marker pen was removed immediately with iso-propanol and the discs cleaned again ultrasonically to remove any traces that might affect testing.
The 5DOF wear simulator allows inputs of axial loading (applied to the inferior endplate, axial rotation (inferior), flexion-extension (superior), lateral bending (superior) and anterior-posterior shear (superior). The simulator allows free translation at the superior endplate in lateral directions and anterior-posterior directions when no AP input is required. All active loads and motions are applied exclusively by electro-mechanical actuators. Verification of the simulator has been carried out previously [24] , showing that it meets the required tolerances of ISO18192, in both phasing and magnitude.
The ISO standard test required application of axial loading, flexion-extension, lateral bending and axial rotation to each of the six actively tested implants. A seventh disc (loadsoak control) was tested under only axial loading. The loads and motions used, including the tolerances required by the ISO standard, are summarised in Fig. 1 and Table 1 .
The 5DOF test followed the same procedure as the 4DOF ISO test, except that six new ProDisc-L implants were tested under the ISO standard conditions with an additional AP shear load of ?175/-145 N, shown in Fig. 2 . These loading data were based upon in vivo studies of the anterior-posterior load during walking [19] , simplified to a sinusoidal waveform within the same physiological range with the AP load peaks designed to be coincidental with the axial load peaks. This did lead to a contradiction in that peak anterior shear was coincident with both peak flexion and peak extension, and peak posterior shear was coincident with the neutral position.
ISO18192 prescribes flexion-extension frequency to be 1 Hz, yet there are contradictions in the literature suggesting that for most lumbar levels flexion-extension frequency is 2 Hz [19, 26, 27] . With the 5DOF test, the authors wanted to only change one parameter; and so AP shear was chosen to be coincident with the axial load, and not flexion-extension. A seventh disc (load-soak control) was tested under axial loading only.
An analysis of variance (ANOVA; SPSS for Windows, SPSS Inc., Chicago, IL) was used to compare the mean wear measurements between the two tests, and to compare the wear rates at each million-cycle time point. The p values obtained were assessed for significance at a = 0.05. In the case of significance, post hoc tests were used to determine the source of significant differences; Levene's test for homogeneity of variance was used prior to either Scheffe's (equal variance) or Tamhane's (unequal variance) post hoc tests.
Results
The ISO standard test produced a mean wear mass loss (±standard deviation) of 63.3 ± 10.4 mg, and a mean (Fig. 3) . The 5DOF test produced a mean wear mass loss equal to 58.0 ± 6.2 mg and an average wear rate of 11.6 ± 1.2 mg/MC. No significant differences were found when comparing between the 4DOF and 5DOF tests, for either wear mass loss (p = 0.67) or mean wear rate (p = 0.78). The wear rates for each measurement time point in both tests are summarised in Fig. 4 , with the post hoc test results summarised in Tables 2 and 3 for the 4DOF and 5DOF tests, respectively. There was a peak in the wear rate at the 3 MC time point in the 4DOF test, which proved to be significantly different from the other time points. This was coincident with heavy microbial contamination of the lubricant, which may have altered the lubrication properties. The 4 MC wear rate was also significantly different from the 5 MC wear rate. Despite the problems with bacterial contamination, linear regression analysis produced an R 2 value of 0.9753. In the 5DOF test, the wear rate increased from 0 to 4 MC, with significance found between 1 MC compared to 3 MC, 4 MC and 5 MC, and 2 MC compared to 4 MC and 5 MC. There were no significant differences between the 3 MC, 4 MC and 5 MC time points, suggesting that steady-state wear had been reached by 5 MC. Linear regression analysis produced an R 2 value of 0.97.
In terms of visible wear scars, Fig. 5 , the 4DOF tests showed a large area of contact, evidenced by removal of machining marks and surface deformation, almost covering the whole dome of the disc (dashed black line). These discs also showed areas of damage to the surface that was not characterised by polishing, but by roughening of the surface (solid black line). The 5DOF tested discs showed a larger area of contact compared to 4DOF (p = 0.01), shown in Fig. 6 , extending to the anterior dome rim, with a similar areas of surface damage (solid black line) and additional areas of sliding/scratching damage (solid green line) towards the anterior of the disc. The mean AP length of the wear scars increased by a total of 1.5 mm in the 5DOF test, suggesting that the input AP force created minimal translation of the ProDisc. Over time, these areas of surface damage appeared to reduce in size, with the discs effectively becoming more polished, which may be a result of them becoming more conforming as the test progressed.
Discussion
This study compared the wear of the ProDisc-L TDR under two different simulation conditions, the first using ISO18192 input conditions (4DOF), and the second using ISO18192 plus an additional AP shear load input (5DOF). Results were analysed for differences in total wear mass loss, wear rate and the surface wear pattern.
In the 4DOF test, wear mass loss was consistent with previously published TDR wear data, showing that the 5DOF simulator utilising only 4DOF produced results of the same magnitude, 10-20 mg/MC, as those simulators currently in use [14, 28] . Differences can arise between simulators, laboratory protocols and users. A recent 4DOF test with the same protocol and in the same laboratory, but performed on a different simulator (of the same design) by a different observer, produced a wear rate of 16.1 ± 1.4, a difference of 25% to the study reported here. It is vital that both testing inputs and criteria are reported accurately and in detail, so that these differences can be identified. The addition of an anterior-posterior load in the 5DOF tests did not affect the overall wear generated in the ProDisc-L when compared to the 4DOF test. However, there was a distinct difference in the wear pattern between the two tests, suggesting a difference in the wear process. The secondary damage areas identified were characterised by an increase in surface roughness, reducing in size over the course of the test. It is postulated that this may be wear debris that is as yet not completely removed from the surface. Both tests showed increasing polishing over the 5 MC test, suggesting that the implants do have a 'beddingin' period. However, an increasing wear rate was seen in the 5DOF tests, which may be due to an increasing contact area, which was supported by the wear scar measurements. In opposition to classical wear theory (Archard's wear law) [29] , increased contact area has been shown to increase polyethylene wear rates [30] , provided that the contact stress is still below the yield stress, which would otherwise lead to fatigue failure. Archard's law holds true for cases where the asperity contacts deform plastically, such as in metallic contacts. However, in the case of polyethylene, contact asperities deform predominantly elastically, meaning that Archard's law does not hold true. The significant differences in wear rates at different measurement time points in each test suggest that 5 MC tests may be too short to quantify and qualify wear behaviour. Further research is necessary to determine a test length that is appropriate to the in vivo condition. Although 5 MC may be sufficient to establish steady-state wear, it would be prudent to continue tests for as long as is practical up to the 10 MC specified by ISO18192-1, or until steadystate wear is evident. It was also recognised that the tests described here have only been performed once, and further detailed reporting of in vitro tests may allow a clearer consensus on this issue.
The current standard ISO18192-1 provides a representative condition given the available biomechanical information, yet there is debate regarding whether the motions in particular are appropriate for a functional spinal unit Million cycles Wear area (square mm) y 4DOF ISO 5DOF Fig. 6 Total worn area (mean ± standard deviation) for the 4DOF ISO and 5DOF tests, representing the area with removal of machining marks, with all 5DOF areas significantly larger than 4DOF areas (p \ 0.05). Wear scar data at 1 MC in the 4DOF test is unavailable under physiological conditions. Spinal loads and motions are more difficult to quantify than other joints due to the fact that vertebral recruitment patterns vary significantly from person to person [26] . Without validation against explanted TDR, in vitro wear tests can only give information on how TDR designs perform compared to each other and as yet provide no real indication of how they perform in vivo.
The tests described here used lubricants appropriate for the synovial joints of hip and knee prostheses [31] . Spinal discs are not synovial, and while there is some evidence to suggest a fibrous capsule may form around TDR [32] , there is no evidence that the same lubricants are appropriate for TDR wear testing. The testing of hip and knee prostheses has shown wear to be heavily dependent on the lubricant properties, and so validation of the lubricant used in spinal wear tests is necessary to produce clinically relevant results. In vivo the lubricant may be simply interstitial fluid, with a viscosity of 1.25 mPas as opposed to 10 mPas for bovine serum [33] , and this must be considered when interpreting TDR wear results. Until there is evidence to the contrary, the use of lubricants common to other joint simulations at least allows comparison with other joint replacements.
Although the amount of polyethylene wear debris generated during wear of TDR is towards the lower range of that generated in metal-on-polyethylene hips, the TDRs are much smaller, as is the potential space within which debris can accumulate. When osteolysis does occur in the spine [9] [10] [11] , this could affect the stability of the spine and wear debris in close proximity to the spinal cord may cause further problems, particularly if it causes inflammation of these tissues.
The two input conditions described in this study were not greatly dissimilar, so it is unsurprising that quantitative wear showed no significant difference. The slight increase in wear area between 4DOF and 5DOF correlated to only a minor increase in AP displacement of approximately 1.5 mm due to the constrained nature of the ProDisc and therefore the testing conditions between 4DOF and 5DOF area were nearly similar. Increasingly dissimilar inputs are likely to produce increasing differences in wear rates and patterns. Similar testing to this study performed on a lessconstrained design, such as the Charité, may have a more dramatic effect on wear, and as such should be investigated further. As it is still not clear what represents 'normal' loadings and motions, nor even a 'normal range', it is imperative that further parametric studies be carried out along with validation from in vivo studies and explanted components. Further TDR wear simulation (both in vitro and computational) will help the spine community to understand the wear process further and lead to advancements in design.
In conclusion, the tests described here showed similar wear rates to those that have been reported previously. The addition of AP load did not affect wear rates in the case of the ProDisc-L implant, at least up to 5 MC. The AP load input caused a change in the surface wear pattern, something which merits further investigation with improved objective measurement methods. The investigation of TDR wear should be expanded to include all available implants, including metal-on-metal devices, in order to improve device design and to guard against failure due to wear in the future.
